Multiple origins, including the bone marrow, have been suggested to contribute to fibroblast populations in the lung. Using bone marrow reconstitution strategies, the present study tested the hypothesis that the bone marrow hematopoietic stem cell (HSC) gives rise to lung tissue fibroblasts in vivo. Data demonstrate that the nonadherent bone marrow fraction is enriched for CD45 + HSC-derived cells and was able to reconstitute hematopoiesis in lethally irradiated animals. Analysis of peripheral blood and lung tissues from engrafted mice demonstrated the ability of this population to give rise to CD45 + /Discoidin-Domain Receptor-2 + (DDR2) circulating fibroblast precursors (CFPs) in blood and fibroblast populations in lung. An HSC origin for lung fibroblasts was confirmed using a novel clonal cell transplantation method in which the bone marrow is reconstituted by a clonal population derived from a single HSC. Together, these findings provide evidence for an HSC contribution to lung fibroblasts and demonstrate a circulating intermediate through the CD45 + /DDR2 + HSC-derived CFP.
Introduction
Several studies have suggested a bone marrow origin for a subpopulation of lung fibroblasts [1, 2] ; however the stem cell in the bone marrow that gives rise to this population remains unclear. Fibrocytes, circulating cells with the potential to differentiate into mature fibroblasts [3] , have been identified in many tissues including lung [4] . These cells have been shown to express hematopoietic markers including CD45 and CD34, suggesting an origin from the hematopoietic stem cell (HSC); however, their mesenchymal nature has brought into light the possibility that the origin of this population may be through the mesenchymal stem cell (MSC). Examination of lung fibroblasts in pulmonary disease such as pulmonary fibrosis has led some to question whether proliferation of the resident lung population alone could explain the relative prominence and heterogeneity of fibroblasts found in the fibrotic foci that characterize this disease (reviewed in [5] ). In support of an extrapulmonary origin of lung fibroblasts and myofibroblasts, studies have shown multiple sources of fibroblasts including an MSC origin [6] , an origin through epithelial to mesenchymal transformation (EMT) (reviewed in [7] ), endothelial to mesenchymal transformation (endoMT) [8] , or through resident fibroblast contribution ( [9] and reviewed in [10] ). However, to our knowledge, to date, there have been no direct lineage tracing studies addressing the origin of lung fibroblast populations. These studies have resulted in several key unanswered questions in the study of lung pathophysiology including the following: What is the origin of lung fibroblasts? What is the bone marrow progenitor population that gives rise to these cells? And what is the phenotype and functional role of the recruited cells based on origin in both normal and disease states? (reviewed in [5] ). Investigating these questions has the potential to uncover hitherto underappreciated differences and similarities between pulmonary fibroblasts of multiple origins as well as to inform research directed at elucidating the differentiation and maturation pathways of these populations towards the ultimate goal of impacting human health and disease.
Recent studies by our laboratory (reviewed in [11, 12] ) and others (reviewed in [13] ) have demonstrated greater plasticity of bone marrow HSCs than previously appreciated.
Stem Cells International
Through direct lineage tracing studies, using a unique clonal cell transplantation method in which a clonal population derived from a single EGFP + HSC is transplanted into lethally irradiated mice, our laboratory has demonstrated an HSC origin for a number of mesenchymal cell types including adipocytes, chondrocytes, osteoblasts/osteocytes, and fibroblasts (reviewed in [11] ). In particular, our laboratory has previously demonstrated that HSCs give rise, through a nonfusion mechanism [14] [15] [16] [17] [18] , to bone marrow colony forming unit fibroblasts (CFU-F) [19] , circulating fibrocytes/fibroblast precursors [19, 20] , and fibrocytes in the inner ear [16] , as well as mature tissue fibroblasts including cancer-associated fibroblasts ( [20, 21] and reviewed in [22, 23] ), glomerular mesangial cells of the kidney [18] , and fibroblasts in the valves of the heart [15] .
In the present study, we sought to determine the potential of the HSC to give rise to mature lung fibroblasts and monitor the transition of these cells through the peripheral blood to their incorporation into the lung as tissue fibroblasts. Our findings demonstrated that the nonadherent fraction of bone marrow was enriched for HSC-derived cells and this population gave rise to multilineage hematopoietic engraftment. Further, we showed that the peripheral blood of wild-type mice engrafted with the nonadherent bone marrow fraction from enhanced green fluorescent protein (EGFP) mice contains EGFP + circulating fibroblast precursors (CFPs). In addition, the lungs of engrafted mice were shown to contain EGFP + CFPs as well as EGFP + Collagen I expressing cells with a fibroblastic morphology, suggesting that nonadherent bone marrow derived circulating fibroblast precursors gave rise to mature lung fibroblasts in vivo. As confirmation of the HSC origin of the lung fibroblast, analysis of the lungs of clonally engrafted mice also demonstrated the presence of these cells. Thus, studies herein demonstrate that a population of lung fibroblasts is derived from the HSC in nondisease state.
Methods

2.1.
Mice. C57Bl/6/CD45.1 breeders were from Jackson Laboratories. EGFP breeders (C57Bl/6/CD45.2 background) were provided by Dr. M. Okabe (Osaka University, Japan) [24] . Mice were bred and maintained in the Animal Research Facility, VAMC. Research was conducted in accordance with guidelines set by the US Public Health Service Policy on Humane Care and Use of Laboratory Animals and the VAMC IACUC. Table 1 ). For flow cytometric quantification of total engraftment, isotype controls were used to set gates for CD45.1 and EGFP populations of sized, propidium iodide negative (live) cells. In order to determine multilineage engraftment, analysis of flow cytometric data was as follows: sized, live cells were selected and gates were set on the B cell, T cell, or granulocyte/macrophage populations against isotype controls. Expression of EGFP was then analyzed from these gated populations in order to determine the percentage of EGFP expressing cells in each of the blood lineages.
Clonal Cell Transplantation.
Clonal cell transplantation was performed as previously described [19] [20] [21] 25] . Briefly, lineage negative (Lin − ) cells were isolated from bone marrow of 10-14-week-old C57Bl/6-EGFP/CD45.2 mice by negative selection following staining and DynaBead removal of B220, Gr-1, CD4, CD8a, and TER-119 positive cells. Lin − cells were stained with antibodies to Sca-1, c-kit, and CD34. Single Lin − Sca-1 + ckit hi CD34 − cells were deposited into individual wells of 96-well culture plates (MoFlo CyCLONE system). Eighteen hours after deposition, wells containing single cells were identified and cultured for 7 days in -modification of Eagle's medium ( MEM, Life Technologies), 20% fetal bovine serum (FBS, Atlanta Biologicals), 10% bovine serum albumin (BSA, Life Technologies), 1 × 10 −2 mol/L 2-mercaptoethanol (Sigma), 10 g/mL stem cell factor (SCF), and 10 g/mL interleukin-11 (IL-11, R&D Systems). Wells containing ≤20 clonal cells were selected for transplantation. Recipient C57Bl/6/CD45.1 mice were lethally irradiated (total-body irradiation, 950 cGy). Clonal cells were injected intravenously with 500 CD45.1/EGFP − /Lin − ckit + Sca-1 + CD34 + radioprotective cells. Radioprotective cells are sorted EGFP negative cells that are used as short-term repopulating cells to allow the animals to survive the postirradiation pancytopenia period prior to engraftment [26] . Mice were euthanized up to one year after clonal cell transplantation. Total EGFP + /CD45.1 − engraftment and multilineage engraftment of EGFP cells in the B cell, T cell, and granulocyte/macrophage lineages was confirmed (Table 3) . Flow cytometric quantification of total and multilineage engraftment was performed as described above.
Stem Cells International 3 2.5. Immunofluorescence. Lungs were harvested from engrafted animals and samples were fixed in zinc fixative (BD Biosciences) or 4% paraformaldehyde (Affymetrix). Tissues were paraffin embedded and 5 M sections cut. Citrate buffer (Vector Laboratories) mediated antigen retrieval was performed on lung tissue sections. Tissues were permeabilized in 0.02% Triton X-100/PBS, 5% serum blocked, incubated with primary antibodies listed above, and used at the following concentrations: anti-GFP 1 : 500, anti-Collagen I 1 : 50, anti-CD45 (ab10558) 1 : 100, and anti-DDR2 1 : 50. Samples were washed in PBS before incubation with fluorochrome-conjugated secondary antibodies used at 1 : 100 concentration in 5% serum. Hoechst 33342 was used as a nuclear marker. Sections were gel mounted (Electron Microscopy Sciences) and coverslipped for imaging.
Microscopy and Quantitative Analysis.
Imaging was performed using a Nikon A1R confocal system and images were processed using NIS Elements (Nikon) and Adobe Photoshop CS5 (Adobe Systems). Fluorescent and differential interference contrast (DIC) images of lung sections from transplanted mice were taken at 400x and 600x magnification. For quantification, 2 sections with a minimum of 4 sections between were imaged at 400x for each mouse and 2 fields per section were quantified ( = 3 for nonadherent transplant mice and = 2 for clonal cell transplant mice). Quantification of each cell population was expressed as a percent with ranges in tables. Images were shown at 600x magnification; Supplemental Figure S1 in Supplementary Material available online at http://dx.doi.org/10.1155/2015/159713 was shown at 400x magnification.
Flow
Cytometry. Cells were resuspended in PBS and were blocked in 10% donkey serum (Jackson ImmunoResearch) for 20 minutes or were stained without block. Antibodies to cell surface proteins were added for 15 minutes at 4 ∘ C in the dark. Cells were washed and resuspended in PBS and propidium iodide was added immediately before assay on a FACs Calibur Cytometer (BD Biosciences). Isotype controls were used to set gates. Data was analyzed using FlowJo v7.6.5 and v10 (TreeStar Inc.).
Statistics.
Analysis was conducted using Microsoft Excel. Data were presented as the mean ± standard deviation where appropriate. Student's -test was used to compare groups. ≤ 0.05 was regarded as statistically significant.
Results
Nonadherence Enriched for CD45 Expressing Cells.
Hematopoietic stem cells (HSCs) are immature cells that reside in the bone marrow and that possess the ability to give rise to colony forming cells and are capable of hematopoietic reconstitution [27] [28] [29] . These are distinct from bone marrow mesenchymal stem cells (MSCs) which are generally isolated and identified by their ability to adhere to plastic in vitro [30] and are characterized by their lack of expression of hematopoietic markers, including CD45 [31] , the panleukocyte hematopoietic marker. In order to demonstrate that isolation based on nonadherence is enriched for the hematopoietic derived population, total bone marrow was first isolated from wild-type mice and analyzed for the expression of CD45 by flow cytometry. Approximately 68.4% ± SD 5.9% of the total, live, bone marrow population expressed CD45 (Figure 1 ). Total bone marrow was then plated on tissue culture treated flasks for 96 hours to allow for adherence. The nonadherent fraction was then removed and analyzed for expression of CD45 by flow cytometry. Quantification demonstrated that 93.4% ± SD 0.3% of the nonadherent fraction expressed CD45. This shows that the nonadherent bone marrow fraction obtained after 96 hours of adherence culture was significantly enriched for CD45 as compared to the total bone marrow population (93.4% ± SD 0.3% versus 68.4% ± SD 5.9%, resp.; * = 0.002), indicating significant enrichment for the HSC-derived population (Figure 1 ).
Nonadherent Bone Marrow Transplantation Gives Rise to Multilineage Hematopoietic Engraftment.
Mice were transplanted with bone marrow after 96 hours of selection for the nonadherent [32, 33] , CD45 enriched fraction. Recipient CD45.1 mice were analyzed for total engraftment by flow cytometry 10 weeks after transplantation. High level engraftment (>50%) of CD45.1 − /EGFP + nucleated peripheral blood cells was confirmed. Total engraftment from a representative animal is depicted (Figure 2(a) ). One characteristic of hematopoietic stem cells is in their capacity to repopulate all blood lineages. Therefore, as additional confirmation of enrichment of the nonadherent bone marrow fraction for HSCs [27, 29, [32] [33] [34] Table 1 for engraftment for all mice. T cell (Thy1.2 + ), and granulocyte/macrophage (Gr1 + /Mac1 + ) populations of nucleated peripheral blood cells at 10 weeks after transplant. Multilineage engraftment from a representative animal is shown (Figure 2(b) ). Total and multilineage engraftment of each of the animals used herein is included in Table 1 .
Circulating Fibroblast Precursors (CFPs) Arise from the Nonadherent Bone Marrow Fraction.
Our laboratory has previously identified an HSC-derived circulating fibroblast precursor (CFP) in the peripheral blood of mice transplanted with a clonal population of cells derived from a single HSC [20] . CFPs were defined by the coexpression of CD45 and Discoidin Domain Receptor-2 (DDR2) [20] and were shown to give rise to mature fibroblasts in vitro and tissues in vivo [20] . Therefore, in the present study we sought to determine whether the nonadherent bone marrow fraction could give rise to CD45 + /DDR2 + CFPs in the peripheral blood in vivo. Flow cytometric analysis of nucleated peripheral blood cells of engrafted mice revealed 93.3% ± SD 2.5% of CD45 + /DDR2 + cells coexpressed EGFP (Figure 3 ). Our previous studies using clonal cell transplantation indicated that ∼99% of these CD45 + /DDR2 + cells were derived from the HSC [20] . This data further supports the enrichment of the nonadherent bone marrow fraction for HSC-derived cells and identifies a bone marrow HSC origin of CFPs in the peripheral blood.
CFPs Are Present in the Lungs of Nonadherent Transplant
Mice. In order to determine whether these CFPs were present in the lung, tissue sections obtained from the lungs of highly engrafted, nonadherent bone marrow transplanted mice were immunostained for fibroblast precursor markers (CD45/DDR2). Quantitative analysis of EGFP expression showed that 20.1% of cells within the lung tissue were EGFP + , indicating their origin from the nonadherent CD45 enriched bone marrow fraction (Figure 4 , quantified in Table 2 ). Colocalization analysis showed expression of EGFP, CD45, and DDR2 by a subset of cells (8.59% quantitated in Table 2; representative cell indicated by * in Figure 4 ). Cells were also identified which expressed CD45 and DDR2 (arrow) but were EGFP − indicating cells that either arrived prior to bone marrow transplant or were from an alternative source.
Nonadherent Bone Marrow Transplant Results in Multiple EGFP
+ Fibroblastic Populations in Lung. In order to determine whether nonadherent bone marrow could give rise to mature lung fibroblasts, lung tissue sections from engrafted nonadherent transplant mice were immunostained for EGFP, DDR2, and Collagen I, a known fibroblast marker in lung [1] (Figure 5 and quantified in Table 2 ). In the lung, 17.5% of total cells were found to express Collagen I + . In addition, analysis of paraffin sections revealed 3.4% of EGFP + cells in the lung expressed DDR2 and Collagen I (representative cell indicated by * in Figure 5 ). Of the EGFP + cells, 16.9% coexpressed EGFP and DDR2 (representative cell indicated by the closed arrow in Figure 5 , quantification in Table 2 ). Analysis of lung sections from nonirradiated control animals showed CD45 + /DDR2 + cells with a fibroblastic morphology, indicating that the presence of HSC-derived lung fibroblasts was not an artifact of the irradiation necessary for bone marrow transplant conditioning (Supplemental Figure 1) . Together, these findings demonstrate the presence of cells in the lung derived from the nonadherent fraction of bone marrow with multiple fibroblastic phenotypes.
HSCs Give Rise to Lung Fibroblasts.
As confirmation of the specific HSC origin of lung fibroblasts, mice engrafted with a clonal population derived from a single sorted HSC were generated as described previously [19] [20] [21] 25] . Total CD45.1 − /EGFP + engraftment and multilineage engraftment were confirmed (Table 3) . Lungs were harvested and paraffin embedded and sections were stained for DDR2 and Collagen I to identify fibroblasts derived from the HSC. Numerous EGFP + cells expressing DDR2 (28.8%) or Collagen I (13.5%) were identified ( Figure 6 and quantified in Table 4 ), as were EGFP + cells that expressed Collagen I and DDR2 (5.6%, representative cell indicated by * in Figure 6 ) confirming an HSC origin of a population of lung fibroblasts. + /DDR2 
Discussion
Bone marrow stem cell populations have been shown to give rise to fibroblasts in multiple tissues in normal and disease states and our previous studies demonstrate an HSC origin for fibroblasts [15, 16, 18, 21, 35] and their precursors [19, 20] . To our knowledge, no direct lineage tracing studies have previously been performed examining the origin of lung fibroblasts in vivo. In the present study, we add to our previous findings of HSC plasticity by demonstrating that HSCs give rise to a functional lung fibroblast population and show their transition through a circulating fibroblast precursor to a mature lung fibroblast. It should be noted that, due to the turnover rate of lung fibroblasts in nondisease state [36] , the fraction of HSC-derived fibroblastic cells observed herein in transplanted animals is likely an underrepresentation of the total HSC-derived lung fibroblast population. [37] [38] [39] , it is possible that the heterogeneous expression of Collagen I and DDR2 is reflective of the function of these cells in steady state.
While the mechanisms regulating the participation, incorporation, and phenotype of HSC-derived cells in the lung remain to be determined, our data suggest that the HSC is a significant and continual contributor to the lung fibroblast population and may have a potential role in disease. Our previous studies in solid tumor have shown that a single HSC can give rise to a significant portion of stromal fibroblasts in disease state [20, 21] , suggesting that the HSCderived population of lung fibroblasts may indeed increase with disease ( [36] and reviewed in [40] ). The plasticity of the HSC and presence of circulating intermediates suggest that both the HSC and CFP may be novel and exciting targets for the therapeutic treatment of lung pathologies. Particularly relevant here, the circulating fibroblast precursor population introduces the potential to target this novel HSCderived precursor prior to its incorporation as mature lung fibroblasts. While fibrocytes have been implicated to have a role in lung diseases, they represent only a small portion of circulating leukocytes (0.1-0.5%) [41] . The relative size of this population brings into question the potential for this population to be the sole source of recruited fibroblast precursors/fibroblasts in disease such as pulmonary fibrosis. Our data suggests that targeting the CFP may affect a larger proportion of cells capable of giving rise to lung fibroblasts. Further studies of the role of HSC-derived cells in vivo, factors regulating their recruitment and fate, and the ability to be targeted in disease models, are necessary to determine the full contribution of the HSC to lung pathophysiology.
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